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Abstract. Our knowledge on the central components of disk galaxies has grown substan- 
tially in the past few decades, particularly so in the last. This frantic activity and the com- 
plexity of the subject promote confusion in the community. In these notes, I discuss the 
concept of galactic bulge and its different flavors. I also address fundamental scaling re- 
lations and the bulge-elliptical galaxy connection, their central black holes and formation 
models. In particular, I aim at conveying three important notions: (i): box/peanuts are just 
the inner parts of bars; (ii): the physical reality of two different families of bulges is evident; 
and (iii): at the high mass end, at least, classical bulges are not just scaled down ellipticals 
surrounded by disks. 

Key words. (Galaxies:) bulges - Galaxies: elliptical and lenticular, cD - Galaxies: evolu- 
tion - Galaxies: formation - Galaxies: structure 
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1. Introduction 

These notes correspond to a couple of Lectures 
given at the School of Astrophysics "F. 
Lucchin" for PhD students and young re- 
searchers, held in Erice, Italy, in September 
2011. One of the two subjects of the School 
was Galaxy Bulges, and the presentation slides 
are available online 1 . The content in the slides 
is significantly more extended than what the 
limited space here allows, and I stay consider- 
ably on the deceptively simple, difficult subject 
of bulge definitions. Current literature abounds 
with confusion, and I thus dedicate space to try 
and shed some light on this topic, not only for 



Send offprint requests to: dgadotti@eso.org 
1 See http://www.sc.eso.org/~dgadotti/astro.html. 



those beginning their way, but hopefully also 
for a broader audience in need. 

I would like to right away acknowledge 
reference publications which have influenced 
my view substantially. These are Binney & 
Tremaine (1987), Wyse et al. (1997), Binney 
& Merrifield (1998), Kormendy & Kennicutt 
(2004) and Athanassoula (2005). Also im- 
portant are the relatively recent Conference 
Proceedings of the IAU Symp. 245, and the 
recent review by Graham (2011). Although I 
did my best to cope with the enormous body 
of literature covering the subject, the reference 
list is but a tiny fraction of it. In order to min- 
imize this inherent bias in these Notes, Fig. 
1 displays word-clouds with the first authors 
of papers on galaxy bulges published in two 
different periods: 1970-2000 and 2001-2012 
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Fig. 1. Top left: authors with first-author papers in the period 1970-2000 in ApJ, AI, MNRAS and A&A 
with the words 'bulge(s)' and 'galaxy(ies)' in the abstract. The word-cloud is limited to authors with three 
or more publications, and the font size is proportional to the number of papers. Bottom left: most common 
relevant words in the abstracts of all such publications in the period. Top right and bottom right are the 
corresponding word clouds for the period 2001-2012 (mid-May). In the 1970-2000 period, this search 
returns 1562 published papers, and 143 authors with more than three first-author papers. For the period 
2001-2012, these figures change to 1999 papers and 178 authors. 



(mid-May). Font sizes are porportional to num- 
ber of papers, rather than citations, as the lat- 
ter are also biased to some extent. I hope that 
this will alert the reader to authors and stud- 
ies other than those I quote here. Figure 1 also 
shows word-clouds made with common words 
in the abstracts of these publications. It is inter- 
esting to see that these words have not changed 
much in the two periods, with few notable ex- 
ceptions, including the word 'black-hole' . 

2. What is a bulge? 

The elaboration of physically motivated defi- 
nitions of stellar systems can be more difficult 
than one might naively expect. The very defi- 
nition of a galaxy is still beyond our grasp (see 
Forbes & Kroupa 201 1), even though we seem 
to recognize a galaxy when we see one; at least 



most times. One should not be led to think that 
searching for definitions is a futile exercise of 
semantics, since, for one thing, the process of 
devising such definitions in fact brings much 
insight on the physical nature of stellar sys- 
tems. 

The word 'bulge' in the literature is used 
to address systems with different physical na- 
tures, which is potentially confusing and frus- 
trating, making the task of working on a clear 
disambiguation a pressing one. Evidently, to- 
day's ideas on what a bulge is have their 
roots on previous studies. Perhaps the most im- 
portant historical reference is that in Hubble 
(1926) describing his morphological sequence 
of disk galaxies. Along this sequence, the "rel- 
ative size of the unresolved nuclear region" 
- later referred to as elliptical-like - changes 
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monotonically. A physically motivated defini- 
tion for a bulge should characterize a stellar 
system with fundamentally different physical 
properties than those of the surrounding disk, 
as well as other galactic components, indicat- 
ing a different formation history. 

Let us now look at three working defini- 
tions, based on different criteria, concerning 
galaxy structure and photometry: 

Morphology. Different structural compo- 
nents can be unveiled by signatures in isopho- 
tal contour maps of galaxies. Figure 2 shows 
such signatures schematically and in a real 
galaxy. The bulge can thus be defined as a 
structural component described by a different 
set of isophotes, as compared to the surround- 
ing disk. A positive aspect of this definition is 
that it reflects truly a different physical compo- 
nent. Disadvantages include: (i), it might de- 
pend on projection effects, (ii), how much dif- 
ferent the isophotes have to be (e.g. in terms of 
position angle and ellipticity) to define an ex- 
tra component has to be set arbitrarily, and (iii), 
the extra component can have varied physical 
natures, i.e., the 'bulge' so defined can be a lot 
of different things (e.g. a bar). 

Geometry. If a disk galaxy is seen edge- 
on or highly inclined, physical structural com- 
ponents that extend vertically further from the 
disk can sometimes be easily identified (see 
Fig. 3). Defining bulge as that vertically promi- 
nent component has the advantage that it can 
be easy and objective. However, it only works 
for very inclined galaxies, and it is also some- 
what arbitrary (how much further from the disk 
is not the disk anymore?). As in the morpho- 
logical definition, the 'bulge' here can also be 
a lot of different things, such as a box/peanut 
or a thick disk. 

Photometry. The disk component in disk 
galaxies is thought to have a radial light pro- 
file with at least one exponential component 
going all the way to the galaxy center. A pho- 
tometric bulge can be defined as the inner ex- 
tra light apart from the disk (Fig. 4). The ad- 




Fig. 2. Defining a bulge from its morphology. The 
top left corner shows schematically how differences 
in the morphology of a bulge, as compared to the 
surrounding disk, can show up in isophotal contours. 
Also shown is a real example concerning the barred 
galaxy IC 486 (taken from Gadotti 2008). The hor- 
izontal lines on the radial profiles of position angle 
and ellipticity (derived from ellipse fits) show the 
corresponding values for bulge and disk. 




Fig. 3. Defining a bulge from its geometry. In edge- 
on or highly inclined galaxies, any structure verti- 
cally more extended than the disk can sometimes be 
easily identified. 



vantage of this definition is that it should be 
easily reproduced. The disadvantage, again, is 
that it can indicate components with different 
physical natures. For instance, - perhaps an ex- 
treme case - the nuclear cluster in NGC 300 is 
a photometric bulge (see Bland-Hawthorn et al. 
2005). 

Possibly, the best working definition is the 
photometric one, given its reproducibility and 
the fact that it is relatively independent of 
projection effects. In any case, further analy- 
sis (e.g. including kinematics) is necessary to 
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Fig. 4. Defining a bulge from photometry. The 
left corner shows schematically the radial surface 
brightness profile of a galaxy with an exponential 
outer disk, as well as an extra photometric inner 
component. A bulge can thus be defined as such 
photometric component: the photometric bulge is 
the extra light above the inner extrapolation of the 
disk profile. The right corner shows again the reality 
as for IC 486 (taken from Gadotti 2008). 

properly address the nature of the photometric 
bulge. It is worth noting how overly simplistic 
it is to assume that disk galaxies have only two 
components, bulge and disk. A list of possible 
components include (and are not restricted to): 

1. disk (thin/thick) 

2. classical bulge 

3. bar 

4. spiral arms 

5. inner disk 

6. inner bar 

7. inner spiral arms 

8. lens(es) 

9. nuclear ring 

10. inner ring 

11. outer ring 

12. stellar halo 

Each of these structural components has 
different (though in some cases similar) forma- 
tion histories and physical properties. The pho- 
tometric bulge can actually be several of these, 
even simultaneously. 

3. Bulge types 

The early allusion by Hubble to ellipticals 
originated the concept of bulges as scaled 



Fig. 5. Classical bulge in M8 1 . / Credit: NASA, ESA 
and the Hubble Heritage Team (STScl/AURA).] 



down ellipticals, or simply ellipticals sur- 
rounded by disks. I will show that this con- 
cept is erroneous, at least for massive bulges. 
Nevertheless, some bulges share properties 
with ellipticals, and these define the classical 
concept of galaxy bulges. In the current litera- 
ture, one can find three different stellar systems 
referred to as bulges. (In fact, they are all pho- 
tometric bulges.) Let us briefly discuss them, 
starting with the classical connotation. 

Classical bulges. These systems are not as 
flat as disks, i.e. they stick out of the disk plane 
when seen at sufficient inclinations. They are 
somewhat spheroidal (which is hard to see at 
low inclinations), featureless (no spiral arms, 
bars, rings etc.), contain mostly old stars (not 
much dust or star-forming regions), and are 
kinematically hot, i.e. dynamically supported 
by the velocity dispersion of their stars, cr. 
In the current framework, they are thought 
to form via mergers (i.e. accretion of usually 
smaller external units) in violent events, induc- 
ing fast bursts of star formation if gas is avail- 
able. This depends on the orbit configuration of 
the merger event. In many cases, the accreted 
material does not reach the galaxy center, but 
stays in the outer halo. Figure 5 shows an ex- 
ample of a classical bulge. 

Disk-like bulges. These systems are also 
referred to as pseudo-bulges. They are as flat 
(or almost as flat) as disks, which might be 
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Fig. 6. Disk-like bulge in NGC 6782. [Credit: 
NASA, ESA and the Hubble Heritage Team 
(STScI/AURA).] 



difficult to see in very inclined galaxies. They 
may contain sub-structures such as nuclear 
bars, spiral arms or rings. They usually show 
signs of dust obscuration, younger stellar pop- 
ulations or ongoing star formation, and, finally, 
they are kinematically cold, i.e. dynamically 
supported by the rotation velocity of their stars, 
Vrot. These systems seem to be built mostly via 
disk instabilities, such as bars (but also pos- 
sibly spiral arms, ovals or lenses), in a rel- 
atively slow, continuous and smooth process. 
Essentially, such instabilities induce a redistri- 
bution of angular momentum along the galaxy, 
and, as a result, mostly gas but also stars are 
driven to the disk center (Athanassoula 2003; 
Sheth et al. 2005). Recent work has shown that 
the current star formation is enhanced in the 
centers of barred galaxies (e.g. Ellison et al. 
2011; Oh et al. 2012), and that the distribu- 
tion of mean stellar ages in bulges of barred 
galaxies has a peak at low ages, absent for 
unbarred galaxies (Coelho & Gadotti 2011, 
see also Perez & Sanchez-Blazquez 2011), in 
agreement with this scenario. Figure 6 shows 
an example. 

Box/Peanuts. These systems stick out of 
the disk plane and show a boxy or peanut-like 
morphology. They are usually featureless and 
show no signs of dust obscuration, young stel- 




Fig.7. Box/peanut in ESO597-G036. [Credit: 
NASA, ESA and the Hubble Heritage Team 
(STScI/AURA).] 



lar populations or star-forming regions. They 
are also kinematically cold and usually re- 
ferred to as pseudo-bulges. A number of stud- 
ies have shown that these structures are just the 
inner parts of bars that grow vertically thick 
due to dynamical instabilities (e.g. Combes & 
Sanders 1981; de Souza & Dos Anjos 1987; 
Kuijken & Merrifield 1995; Bureau & Freeman 
1999; Merrifield & Kuijken 1999; Lutticke 
et al. 2000; Chung & Bureau 2004; Bureau 
& Athanassoula 2005). Figure 7 shows an ex- 
ample. Although box/peanuts are photometric 
bulges, they are just the inner parts of bars, and 
not a distinct physical component. They have 
basically the same dynamics and stellar con- 
tent as bars, just their geometry is somewhat 
different. As such, the term 'box/peanut bulge ' 
is a misnomer. Note that box/peanuts are not 
seen if the galaxy is not inclined enough. In 
a face-on galaxy, if it has a box/peanut, it 
will be seen as part of the bar. Therefore, 
in bulge/bar/disk decompositions such as in 
Gadotti (2009), box/peanuts are accommo- 
dated in the bar model. It is worthy to point 
out that the Milky Way shows a box/peanut, 
a fact known since the 1990's when the COBE 
satellite flew (see Fig. 8), a clear indication that 
the Galaxy has a bar. Another remarkable case 
is that of M3 1 , known to have a bar, with its 
box/peanut inner part (Athanassoula & Beaton 
2006, see Fig. 9). One should also be aware of 
the rare thick boxy bulges (Lutticke et al. 2004, 
see Fig. 10). These seem to be present in only 
2 per cent of disk galaxies. They are too big to 
be parts of bars and are thought to be built via 
mergers, possibly still at an ongoing stage. 
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Fig. 8. The COBE image of the Milky Way. 
(Credit: COBE Project, DIRBE, NASA.) 




Fig. 9. Top: Spitzer 3.6fim image of M31. 
Bottom: residual image after subtraction of a 2D 
bulge/bar/disk model derived with budda (de Souza 
et al. 2004; Gadotti 2008). The X-shape in the resid- 
ual image is the typical signature of a boxy/peanut- 
like vertically thickened inner part of a bar. 




Fig. 10. Thick boxy bulge in ESO510-G13. 
Compare it with the box/peanut in ESO597-G036 
(Fig. 7) and that in the Milky Way, shown in Fig. 8. 
[Credit: NASA, ESA and the Hubble Heritage Team 
(STScI/AURA).] 



Concerning the dynamical support of 
bulges, it is known for long that, although 
classical bulges have little rotational support, 
they do rotate more significantly than ellipti- 
cals (e.g. Kormendy & Illingworth 1982). In 
addition, box/peanuts rotate even more signif- 



icantly, as one would expect from the fact that 
these are actually bars (e.g. Kormendy 1993). 
Plotting V r ot/0" as a function of the ellipticity of 
the system, e, has proven in these works to be 
a powerful way to assess dynamical support. 
More recently, the SAURON team (see e.g. 
Emsellem et al. 2004; Falcon-Barroso et al. 
2006; Ganda et al. 2006) performed power- 
ful 2D kinematical analysis of bulges and el- 
lipticals. Although their results are evidence 
that the central regions of galaxies are far 
more complex than understood before, they 
generally corroborate such previous conclu- 
sions. In addition, the SAURON team (see also 
Williams et al. 2011) found that box/peanuts 
rotate cylindrically, as predicted from theo- 
retical studies on bars (e.g. Athanassoula & 
Misiriotis 2002). 

4. Recognizing disk-like bulges 

Identifying what kind of bulge a given galaxy 
has is very relevant if we wish to understand 
the formation and evolutionary processes such 
galaxy went through, until it reached the phys- 
ical state presented to us today. While a classi- 
cal bulge, i.e. component number 2 in the list 
above, suggests a more violent history, includ- 
ing mergers, a disk-like bulge possibly indi- 
cates a quieter evolution, ;/it is the only bulge 
in the galaxy. (Although note, again, that some 
mergers might contribute only to material in 
the outer halo, and not result in the forma- 
tion of a bulge.) A given galaxy can have no 
bulge, can have a classical bulge or a disk-like 
bulge, or both. It's easy to picture a bulge-less 
disk galaxy evolving, accreting a smaller satel- 
lite in a merger event, which would originate 
a classical bulge, and then developing a bar 
which would produce a disk-like bulge. Later, 
the bar can itself evolve and have its inner parts 
puffed up and form a box/peanut. Eventually, 
this galaxy not only has a classical and a 
disk-like bulge, but also a box/peanut. Gadotti 
(2009) discussed composite bulges, i.e. clas- 
sical bulges with a young stellar component 
that could be embedded disk-like bulges, while 
Nowak et al. (2010) argued that NGC 3368 and 
NGC 3489 show a small classical bulge em- 
bedded in a disk-like bulge. Finally, Kormendy 
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& Barentine (2010) found that NGC 4565 has 
a disk-like bulge inside a box/peanut. 

Since disk-like bulges contribute to a 
smaller fraction of the total galaxy light 
than classical bulges (i.e. they have smaller 
bulge/total ratios - see e.g. Drory & Fisher 
2007; Gadotti 2009), they are naturally 
found most often in more late-type galax- 
ies. However, disk-like bulges can also be 
found in lenticular galaxies (Laurikainen et al. 
2007), which can be understood in the con- 
text proposed by van den Bergh (1976, see 
also Kormendy & Bender 2012) of a Hubble 
sequence with spirals and lenticulars forming 
parallel branches. Durbala et al. (2008) found 
that galaxies hosting disk-like bulges are pre- 
dominantly in low density environments (see 
also Zhao 2012). Mathur et al. (2011) and 
Orban de Xivry et al. (2011) found that the 
bulges of narrow line Seyfert 1 galaxies (AGN 
accreting at high rates and powered by less 
massive black holes) are disk-like bulges, an 
important clue to understand the fueling of 
AGN activity by bars (Shlosman et al. 1989) 
and the connected growth of bulges and their 
central black holes. 

Note that a disk-like bulge can be any of 
the components number 5 through 9 in the list 
above, or any combination of them. Classical 
and disk-like bulges can therefore be distin- 
guished by their morphology. Although this 
can work well (see e.g. Fisher & Drory 2010), 
it is to a large extent subjective, and there are 
more objective ways to proceed with such a 
separation. 

Another method to distinguish bulge types 
is to look at their surface brightness radial pro- 
files. In the past, these were fitted using the 
de Vaucouleurs (1948) function, used to fit 
such profiles in ellipticals. We now know that 
a better fit to the profiles of both ellipticals 
and bulges is provided by the Sersic (1968) 
function, which is a generalization of the de 
Vaucouleurs' function (see Caon et al. 1993): 



Hb(r) =/J e +C n 



l/n 



(1) 



where r e is the effective radius of the bulge, 
i.e., the radius that contains half of its light, 



yu c is the bulge effective surface brightness, i.e., 
the surface brightness at r e , n is the Sersic in- 
dex, defining the shape of the profile, and c„ = 
2.5(0.868n - 0.142). When n = 4, the Sersic 
funtion becomes the de Vaucouleurs' function; 
when n = 1, it is an exponential function, and, 
when n = 0.5, a Gaussian. Important proper- 
ties of the Sersic function and its application to 
fit galaxy light profiles can be found in Trujillo 
et al. (2001) and Graham & Driver (2005). 

There is evidence that the light profiles 
of most classical bulges, as well as ellipti- 
cals, are better described by a Sersic function 
with n > 2, whereas most disk-like bulges 
have n < 2, i.e., closer to an exponential 
function, as disks (e.g. Fisher & Drory 2008; 
Gadotti 2009). Figure 1 1 shows schematically 
the light profiles of an elliptical galaxy and 
of disk galaxies with bulges following Sersic 
functions with different values of n. For a real 
(and barred) galaxy, see the right panel in Fig. 
4. Note that in order to obtain bulge structural 
parameters one needs to decompose either the 
galaxy light profile (ID decomposition) or bet- 
ter the whole galaxy image (2D decomposi- 
tion) into the main different galactic compo- 
nents. 

However, the threshold at n — 2 to sepa- 
rate classical and disk-like bulges is set arbi- 
trarily, and still lacks a clear physical justifica- 
tion. Furthermore, the uncertainty on the mea- 
sure of n - typically 0.5 - is large compared 
to the range of values n typically assumes in 
bulges: 0.5 < n < 6 (see Gadotti 2008, 2009). 
This means that using the Sersic index to dis- 
criminate between bulge types is prone to mis- 
classifications. 

A more physically motivated criterion to 
separate classical and disk-like bulges can be 
devised using the Kormendy (1977) relation 
between (jx e ) (the mean surface brightness 
within r e ) and r e (Carollo 1999). The fact that 
classical bulges and elliptical galaxies seem 
to follow this relation suggests a similarity 
on the physics behind their formation. If the 
formation of disk-like bulges considerably in- 
volves different physical processes then they 
do not necessarily follow this relation. Figure 
12 shows the Kormendy relation for ellipti- 
cal galaxies and bulges, the latter separated by 
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Fig. 11. Top left: a Sersic function with n = 4, 
that could represent the light profile of an elliptical 
galaxy. Top right: a Sersic function with n = 3 - 
that could represent the bulge in a galaxy of early 
Hubble type - plus an exponential function, repre- 
senting the disk of such galaxy. Bottom left: same 
as the latter but with a Sersic with n = 2; and finally, 
bottom right: same as the latter but with n = 1. The 
sum of both components is shown when this applies. 
Also indicated are the difference between the bulge 
effective and central surface brightness, /i e -fi (note 
that this does not consider effects from a PSF), and 
the positions of r e and the disk scale length h, for 
each model. 



Sersic index at n — 2. It is clear that, in contrast 
to most bulges with n > 2, many of those with 
n < 2 occupy a different locus in the {ji e ) - r e 
plane. This tells us two things: (i): there seem 
to be bulges with different properties, and (ii): 
the Sersic index is a first-order approximation 
to distinguish these bulges. However, one also 
sees that many bulges with n < 2 follow the 
same relation set by ellipticals, and several 
bulges with n > 2 do not. A follow-up in this 
analysis is then to define classical bulges as 
those which follow the Kormendy relation of 
ellipticals within 3<x boundaries. Conversely, 
disk-like bulges are then those which do not 
fall within these boundaries. It is important to 
note that this criterion is independent of the 
Sersic index. This is done in Gadotti (2009) 
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Fig. 12. Kormendy (1977) relation for elliptical 
galaxies and bulges. The latter separated by Sersic 
index: those with n > 2 appear only in the top panel, 
and those with n < 2 appear only at the bottom 
panel. The solid line is a fit to the elliptical galaxies, 
while the dashed lines mark the corresponding 3<x 
boundaries. A more physically motivated definition 
for disk-like bulges is devised using the lower 3cr 
boundary: disk-like bulges fall below this boundary 
and are thus outliers in the Kormendy relation set by 
ellipticals. [Taken from Gadotti (2009).] 



and it is found that disk-like bulges satisfy the 
following relation: 



(H e ) > 13.95 + 1.74 x log r e 



(2) 



where measurements are made using the SDSS 
/-band, and r e is in units of a parsec. 

Figure 13 shows a density plot of the Qi e ) - 
r e plane using the same data as in Fig. 12, 
but without making any separation between 
galaxy/bulge types. It shows that the loci oc- 
cupied by elliptical galaxies, classical bulges 
and disk-like bulges correspond to three well- 
defined 'islands' of points. A 2D Kolmogorov- 
Smirnov test shows that these groups of points 
are indeed different populations, with a sta- 
tistical confidence level of a 5<x. This is im- 
portant because it shows that the definition of 
disc-like bulges from Eq. 2 is not an artificial 
one, but in fact statistically justified. There is 
a statistically significant gap between classi- 
cal and disk-like bulges in the (ju e ) - r e plane. 
Since the sample used is drawn from a volume- 
limited sample, and has well-known selection 
effects, one can show that this gap cannot be 
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Fig. 13. Same as Fig. 12, but with no separation on 
galaxy/bulge type, and plotted as iso-density con- 
tours. Elliptical galaxies, classical bulges and disk- 
like bulges correspond to well defined 'islands'. It 
can be shown that these islands represent popula- 
tions of distinct physical systems with a confidence 
level of « 5a. This shows that the separation be- 
tween classical and disk-like bulges using Eq. 2 is 
not artificial, and rather has solid physical grounds. 
[Adapted from Gadotti (2009).] 

attributable to spurious effects from the selec- 
tion of the sample (see Gadotti 2009). 

Possibly the best way to recognize disk- 
like bulges from classical bulges is by directly 
studying their dynamics. As noted in the pre- 
vious section, classical bulges are dynamically 
supported by the velocity dispersion of their 
stars, whereas disk-like bulges are supported 
by rotation. This is, however, demanding in 
terms of telescope usage. 

5. Scaling relations 

Bulges and elliptical galaxies follow a num- 
ber of relations among their structural param- 
eters which provide fundamental clues to their 
formation and evolutionary histories. Starting 
from first principles, from the Virial Theorem, 
we have: 



2{T) = -Y j (F k -r k ), 



(3) 



k=\ 



theorem basically states that twice the kinetic 
energy averaged over time in the system (the 
left-hand side of Eq. 3) equals its potential en- 
ergy averaged over time (the right-hand side). 
For any bound system of particles interacting 
by means of an inverse square force, and with 
a number of non-trivial assumptions, we can 
derive (see e.g. Zaritsky et al. 2006): 



cr 2 oc 



or: 



GM e 



2 (M e /L e )(iy e ) 

cr oc , 



(4) 



(5) 



where, for a system with N particles, is the 
force acting on particle k, located at r*. This 



leading to: 

log r e = 2 log cr - log I e - \og(M e /L e ) + C, (6) 

where M e /L e is the mass/light ratio within r e , 
I e is the mean surface brightness within r e , and 
C is a constant. 

Equation 6 is the famous Fundamental 
Plane (Djorgovski & Davis 1987; Dressier 
et al. 1987, hereafter FP), and one expects 
that at least ellipticals - for which the vio- 
lations of the assumptions are less evident - 
should follow it. If the mass/light ratio is con- 
stant, say among massive ellipticals and clas- 
sical bulges, one thus expect to see a relation 
such as r e oc cr 2 /" 1 , which is, however, not 
borne out by recent observations. For instance, 
Bernardi et al. (2003) found r e oc cr 1 - 49 /; 075 
using SDSS r-band data for over 8000 galax- 
ies. This difference between the observed and 
expected values of the coefficients is called 
the tilt of the FP. It results, partly, from the 
fact that we are neglecting any variation in the 
mass/light ratio, which can be caused not only 
by variations in the stellar population content 
(i.e. stellar age and chemical properties), but 
also in the dark matter content. In fact, Boylan- 
Kolchin et al. (2005) found in merger simu- 
lations that the dark matter fraction within r e 
varies with galaxy mass. Nevertheless, Trujillo 
et al. (2004) argued that the most important 
factor is the violation of the assumption that 
all systems are homologous. If systems are not 
homologous, this means that the shape of the 
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gravitational potential might depend on scale, 
i.e. on the size of the system. This is consis- 
tent with the finding that the Sersic index varies 
with system luminosity (see e.g. Desroches 
et al. 2007; Graham & Worley 2008; Gadotti 
2009; Laurikainen et al. 2010). 

The FP can also be expressed in a space 
with axes directly related to important physical 
parameters, such as mass and mass/light ratio. 
Bender et al. (1992) did just that, and defined 
the K-space, where K\, K2 and kj are three or- 
thogonal axes, defined as functions of r e , cr and 
I e , in such a way that k\ is proportional to the 
logarithm of the dynamical mass, K2 is propor- 
tional mainly to the logarithm of I e , and /q is 
proportional to the logarithm of the mass/light 
ratio. We will see shortly below where bulges 
and elliptical galaxies are in the /c-space. 

Projections of the FP are also very impor- 
tant tools to understand the formation histories 
of bulges and ellipticals. One such projection 
is the Faber & Jackson (1976) relation: 

L oc cr\ (7) 

where L is the galaxy total luminosity. The 
canonical value of y that can be derived on 
theoretical grounds is y — 4, which is about 
what Faber & Jackson (1976) found. More re- 
cent work on this subject (see e.g. Gallazzi 
et al. 2006; Lauer et al. 2007; Desroches et al. 
2007) shows that the slope y of the Faber & 
Jackson (1976) relation varies from y w 2 for 
low mass galaxies to y « 8 for the most mas- 
sive ellipticals. It thus seems that the relation 
is curved. The fact that less massive ellipticals 
show a flatter relation suggests that processes 
involving large amounts of energy dissipation 
are more important in the formation of these 
systems, as opposed to more massive ellipti- 
cals (see Boylan-Kolchin et al. 2006). 

Another useful projection of the FP is the 
luminosity-size relation. In principle, it should 
not be a surprise that the more massive a sys- 
tem is the larger it is too. However, differ- 
ent systems might follow different luminosity- 
size relations, indicating that the ways they 
grow - their formation histories - are dif- 
ferent. Desroches et al. (2007) and Hyde & 
Bernardi (2009), among others, found that the 



luminosity-size relation is curved, a result that 
is at odds with the finding of e.g. Nair et al. 
(2010). A crucial point in studies on funda- 
mental relations is sample selection. To ob- 
tain a clean sample including e.g. only ellip- 
tical galaxies is not as simple as it sounds. In 
addition, if a given sample includes both el- 
lipticals and e.g. disk galaxies with massive 
bulges, it is not straightforward to compare 
sizes and luminosities between ellipticals and 
disk galaxies if one does not perform a proper 
bulge/disk decomposition to exclude the disk 
in the measurements corresponding to disk 
galaxies. Studies such as Bernardi et al. (2003) 
and Hyde & Bernardi (2009) make selection 
cuts in parameter spaces including concen- 
tration, spectral properties, properties of light 
profile fits with a single component, and axial 
ratio, which in principle should yield mostly 
elliptical galaxies as output. Although objec- 
tive, these criteria are however likely to in- 
clude many disk galaxies (see e.g. discussion 
in Gadotti 2009, Sect. 4.4). The sample in Nair 
et al. (2010) has visual classification, which 
can be argued to be more accurate to sepa- 
rate disk galaxies from ellipticals, even if to 
some extent subjective, and their different con- 
clusions possibly stem partly from this differ- 
ence in sample selection. The curvature in the 
luminosity-size relation can simply be a result 
of putting together measurements that corre- 
spond to systems with different natures. The 
case of a different luminosity-size relation for 
brightest cluster galaxies is well-known (e.g. 
Bernardi 2009). 

What do these fundamental scaling rela- 
tions tell us? The fact that we see galaxies fol- 
lowing relations derived from simple theoret- 
ical considerations, which essentially include 
only the action of gravity, is a demonstration 
that gravity indeed plays a major role here. But 
as we saw above, it is the deviations of the ex- 
pected relations that have a lot to teach us, re- 
vealing other facets in the history of galaxies, 
such as dark matter content and other aspects 
of baryonic physics. Reasons for these devia- 
tions include dissipation of energy via dynam- 
ical friction and gas viscosity, and feedback 
mechanisms from either supernovae or active 
galactic nuclei. Let us now go back to the issue 



Gadotti: Bulges and Ellipticals 



11 





2 345 2345 

Fig. 14. Near-infrared Fundamental Plane in K-space for elliptical and lenticular galaxies (top left) and 
very late-type disk galaxies (top right). These results concern galaxies as whole, i.e. with no structural de- 
composition. The bottom panels show the SDSS /-band Fundamental Plane in K-space for elliptical galax- 
ies, classical and disk-like bulges, obtained via bulge/bar/disk decompositions. In both projections of the 
Fundamental Plane, disk-like bulges lie on the locus occupied by (presumably) pure disks. [Adapted from 
Pierini et al. (2002) and Gadotti (2009).] 



of the different families of bulges and see how 
the loci these bulges occupy in the fundamen- 
tal relations discussed above compare with the 
corresponding locus of ellipticals. 

Figure 14 shows the K-space formulation 
of the FP from Pierini et al. (2002) in the 
top panels, and Gadotti (2009) in the bottom 
panels. Pierini et al. (2002) did not perform 
structural decompositions, and thus their mea- 
sures correspond to galaxies as whole systems. 
However, the top left panel shows their results 
for elliptical and lenticular galaxies, presum- 



ably then a good approximation for the results 
concerning elliptical galaxies only. In addi- 
tion, the top right panel shows their results for 
very late-type disk galaxies, presumably bulge- 
less disks, and thus a good approximation for 
the results concerning just disks. The results 
shown in the bottom panels correspond to el- 
lipticals, and classical and disk-like bulges, ob- 
tained through bulge/bar/disk decompositions, 
and thus correspond truly to bulges alone, in 
the case of disk galaxies. In the edge-on view 
of the /e-space, classical bulges deviate slightly 
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from ellipticals, and disk-like bulges deviate 
markedly. In the face-on projection, ellipticals, 
classical and disk-like bulges occupy three dif- 
ferent loci. Comparing the top and bottom pan- 
els one sees that in both projections disk-like 
bulges occupy loci similar to those occupied 
by disks. This lends strong support to, firstly, 
the physical reality of different bulge families, 
and, secondly, the connected formation histo- 
ries of disk-like bulges and disks. 

Figure 15 shows the mass-size relations of 
ellipticals, classical and disk-like bulges, bars 
and disks. It is an analog of the luminosity- 
size relation, arguably to some extent better, 
as luminosity is actually used as a proxy for 
mass. These relations can all be described as 
power laws of the form r e oz M a , where M 
is the stellar mass, and a measures the slope 
of the relation. The fits indicate that a is 0.38, 
0.30, 0.20, 0.21 and 0.33 for ellipticals, classi- 
cal and disk-like bulges, bars and disks, respec- 
tively, with an uncertainty of +0.02. Therefore, 
although the relations of classical and disk-like 
bulges seem to be contiguous, the correspond- 
ing slopes are different with a statistical signifi- 
cance of 5cr. This is another clear indication of 
their different physical properties and forma- 
tion histories. Furthermore, the only two pairs 
of systems with statistically similar relations 
are disk-like bulges and bars, further support- 
ing the theoretical framework in which disk- 
like bulges are formed through disk instabili- 
ties. Another striking aspect of Fig. 15 is the 
4cr offset of the relation of ellipticals with re- 
spect to that of classical bulges. It demonstrates 
decidedly that (i), classical bulges and ellipti- 
cal galaxies have different formation histories, 
and (ii), at the high mass end, at least, classi- 
cal bulges are not just scaled down ellipticals 
surrounded by disks. If you put a disk around a 
massive elliptical you end up with a galaxy un- 
like real disk galaxies. Similar results were also 
found by Laurikainen et al. (2010). The mass- 
cr relation, again arguably a better equivalent of 
the Faber & Jackson (1976) relation, has also 
been shown to be different for ellipticals and 
classical bulges (Gadotti & Kauffmann 2009). 
Gadotti & Sanchez-Janssen (2012) discussed 
the intriguing nature of the spheroid in the 
Sombrero galaxy, and, using several scaling re- 
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Fig. 15. Mass-size relations of ellipticals, classi- 
cal and disk-like bulges, bars and disks. The offset 
of the relation of ellipticals with respect to that of 
classical bulges has a statistical significance of 4<x, 
indicating that the formation histories of these sys- 
tems is different. This also shows that, at least at the 
high mass end, classical bulges are definitely not just 
scaled down ellipticals surrounded by disks. [Taken 
from Gadotti (2009).] 

lations, found that it resembles more an ellipti- 
cal than a classical bulge. 

6. Supermassive black holes and 
their scaling relations 

A number of studies have revealed the pres- 
ence of central supermassive black holes in 
several massive disk and elliptical galaxies, 
and it is now believed that most (if not all) mas- 
sive galaxies should have a central supermas- 
sive black hole. These works have also shown 
that the mass of these black holes correlate 
with <x and the luminosity or mass of the el- 
liptical galaxy (in the case of ellipticals) or the 
bulge (in the case of disk galaxies; see e.g. 
Gultekin et al. 2009, and references therein). 
This suggests a connected growth of black 
holes and bulges (and ellipticals). Essentially, 
black holes would accrete mass, resulting in 
AGN activity, until AGN feedback regulates 
the inflow of gas, the growth of the black hole, 
and the formation of stars in the bulge/elliptical 
(see e.g. Younger et al. 2008). In this frame- 
work, the growth of disk-like bulges would 
not be connected with the (bulk of) growth of 
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black holes, and thus the properties of disk- 
like bulges would not correlate with the mass 
of black holes. 

This question has been investigated by 
Graham (2008), Hu (2008) and Gadotti & 
Kauffmann (2009), and these works showed 
that the correlation between black hole mass 
and <t is difficult to evaluate in galaxies with 
disk-like bulges, as the presence of bars in- 
crease cr (in ways difficult to account for) more 
significantly (in relative terms) than in galax- 
ies with classical bulges (see Graham et al. 
2011). More recently, Kormendy et al. (2011) 
argued that the luminosities of disk-like bulges 
do not correlate with black hole masses, con- 
sistent with the picture outlined above. Nowak 
et al. (2010) and Erwin (2010) showed results 
indicating that, in composite bulges, the black 
hole mass correlates better with the luminosity 
of the classical bulge only, again showing that 
the growth of disk-like bulges is to some extent 
not coupled with the growth of black holes. 

7. Bulge formation models 

Essentially, the scenario in which mergers of 
smaller units play an important role in the for- 
mation of massive elliptical galaxies seems to 
be consistent with observations. Oser et al. 
(2010) and Oser et al. (2012) found good 
agreement with a number of observations, us- 
ing simulations of the formation of massive 
galaxies in a two phase process: early dissi- 
pation followed by mergers (mostly minor). 
Formation time-scales should be shorter for 
more massive systems, a notion that is referred 
to as the downsizing scenario (Cowie et al. 
1996), but not as short as in the monolithic col- 
lapse scenario of Eggen et al. (1962). 

Classical bulges could also form from 
mergers (e.g. Aguerri et al. 2001), but the dif- 
ferences outlined above in the properties of 
classical bulges and ellipticals indicate that dif- 
ferent merger histories are needed to form clas- 
sical bulges, as compared to ellipticals. These 
differences could be in the ratio of major to mi- 
nor mergers, the ratio of gas poor to gas rich 
mergers, the total number of mergers, and the 
merger orbit parameters (e.g. Hopkins et al. 
2010). 



The formation of disk galaxies with low 
bulge/total ratios is still a challenge for ACDM 
cosmology (e.g. Weinzirl et al. 2009), but the 
past few years saw much progress in this direc- 
tion (e.g. Governato et al. 2009, 2010; Brook 
et al. 201 1). Scannapieco et al. (2010) reported 
the formation of bulges via minor mergers, re- 
sulting in systems with Sersic indices around 
1 and bulge/total ratios around 0.1-0.2 (con- 
sistent with being disk-like bulges - some- 
what surprising given the occurrence of minor 
mergers) but with too large values of r e . Using 
a fully cosmological hydrodynamical simula- 
tion, Brook et al. (2012) were able to produce, 
via a bar, a disk-like bulge with properties sim- 
ilar to observed disk-like bulges, including r e , 
although their bulge/total ratio of 0.21 is at 
the high tail of the observed distribution in 
e.g. Gadotti (2009). In this context, it is worth 
pointing out that at fixed bar/total mass ratio, 
disk-like bulges are less massive than classi- 
cal bulges, suggesting that, if disk-like bulges 
form via bars, further processes are necessary 
to build classical bulges (Gadotti 201 1). 

The implementation of the formation of 
disk-like bulges through bar instabilities in 
semi-analytical models still needs work, as the 
disk instability criterion used to set the forma- 
tion of the bulge is prone to yield wrong re- 
sults (see Athanassoula 2008; De Lucia et al. 
2011; Guo et al. 2011). In addition, the frac- 
tion of disk mass converted in a bulge in these 
simulations tends to be too large, since typi- 
cally it has to be large enough to marginally 
re-stabilize the disk, which is at odds with the 
observation that more than half of disk galax- 
ies have bars (e.g. Menendez-Delmestre et al. 
2007). Relevant to this discussion is the obser- 
vation that estimates of the mass redistributed 
by a bar are < 13 per cent of the mass of the 
disk (Gadotti 2008). 

Finally, there are studies, particularly more 
recently, on the formation of bulges via the co- 
alescence of giant clumps in primordial disks 
(see Noguchi 1999; Immeli et al. 2004a,b; 
Bournaud et al. 2007; Elmegreen et al. 2008). 
Bulges formed in this way have properties sim- 
ilar to classical bulges, but unlike bulges built 
through mergers, they lack a distinctive dark 
matter component. 



14 



Gadotti: Bulges and Ellipticals 



Essentially, all research on galaxies aims at 
answering how galaxies form and evolve, what 
is the role of the different galactic structural 
components (such as those outlined in Sect. 
2) in this history, and how do they relate with 
each other. Galaxies are ghostly - we can see 
through them - which is helpful sometimes, 
but also means that projection effects can fre- 
quently complicate matters. Promising paths 
are those which link different approaches, such 
as structural analysis, kinematics and dynam- 
ics, stellar population properties and evolution, 
multi-wavelength work, ample redshift cover- 
age, observations and theory. It is with such 
holistic thinking that we should pursue the goal 
of unveiling the physics behind these "majes- 
tic", "spectacularly beautiful" stellar systems 
(using the words of Binney & Tremaine 1987). 
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